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It was investigated how the PL of the blue phosphor, ZrO2:Ti, was affected by the change
in  addition amounts of Ti. The 1000 ppm Ti doped ZrO2, (ZrO2 + 1000 ppm Ti), showed the
strongest PL, which was 5.4 times higher than that of the pure ZrO2. This strong PL was
further improved by the addition of P, Sn, Se, B and Si to the (ZrO2 + 1000 ppm Ti) phosphor.
The  improvement was achieved by the (ZrO2 + 1000 ppm Ti + 4000 ppm P) phosphor, and its
absorptivity, internal quantum efﬁciency and external quantum efﬁciency were 53, 59 and
31%  at room temperature, respectively, when excited at 280 nm.irconia
itanium doped zirconia
hosphorus doping
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Ti) phosphors with x being 0–50,000 ppm and their PL spec-
tra were examined. Moreover, because an enhancement of PL.  Introduction
itanium doped ZrO2 (ZrO2:Ti) has been attracting increas-
ng interest as a blue phosphor. Of particular interest is
echanoluminescence from stress-activated ZrO2:Ti, which
as reported by Akiyama et al. in 2002 [1]. From the obser-
ation that the PL intensity and the PL integrated intensity
f the ZrO2:Ti are comparatively high, its possible application
o industry has been proposed. Another point worth noting
bout the ZrO2:Ti is that it is a novel long-lasting afterglow
hosphor, as was reported by Cong et al. [2], Chandra [3], Wang
t al. [4] and Nikiforov et al. [5]. The PL mechanism generally
∗ Corresponding author.
E-mail: nakayama@chem.niihama-nct.ac.jp (S. Nakayama).
ttp://dx.doi.org/10.1016/j.jmrt.2016.03.005
238-7854/© 2016 Brazilian Metallurgical, Materials and Mining Assoc
rticle  under the CC BY-NC-ND license (http://creativecommons.org/licaccepted to date is that the replacement of Zr by Ti produces
anion vacancies, resulting in the enhanced PL and long lasting
PL. Cong et al. investigated the blue PL of the (ZrO2 + x ppm Ti)
phosphors in the range of x = 0–2000 ppm (0–0.5 mol% Ti) and
found that the strongest PL is observed for the about 2000 ppm
(0.5 mol%) Ti doped phosphor [2]. However, the effect of the
Ti amount beyond 2000 ppm on the PL has not been investi-
gated. So, in the present work, we prepared the (ZrO2 + x ppmintensity by the P addition to ZrO2:Ti phosphor was found, it
reports on the effect of P addition.
iation. Published by Elsevier Editora Ltda. This is an open access
enses/by-nc-nd/4.0/).
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2.  Experimental
Various ZrO2:Ti phosphors ((ZrO2 + x ppm Ti) phosphors, here-
after) were prepared from ZrO2 (purity 99.9%, TZ-0, Tosoh
Co.) and 0–50,000 ppm TiO2 (99.9%) powders. Analytical grade
(NH4)H2PO4, SnO2, SeO2, H3BO3, SiO2, Al2O3, Nb2O5 or Ta2O5
powder was added to the (ZrO2 + 1000 ppm Ti) phosphor in
the range of 0–10,000 ppm as another additive to prepare the
ternary phosphors ((ZrO2 + 1000 ppm Ti + x ppm M) phosphor
(M = P, Sn, Se, B, Si, Al, Nb or Ta), hereafter). These compo-
nent powders were mixed using a ball-mill and heat-treated
at 1400 ◦C for 2 h in an air atmosphere.
X-ray powder diffraction data were obtained using a
diffractometer (XRD, MiniFlex II, Rigaku Co.) with Cu-K1
radiation ( = 0.154050 nm). Excitation and emission spectra
were measured on an FP-6500 spectroﬂuorometer (JASCO Co.).
Quantum efﬁciencies were determined with a Qunataurus-QY
system C11347-01 (Hamamatsu Photonics K.K.). The morphol-
ogy of the powder was examined using a scanning electron
microscope (FE-SEM, JEOL 7500F) ﬁtted with an energy dis-
persive X-ray analyzer (EDX). Electronic states of Ti2p and
P2p were investigated by X-ray photoelectron spectroscopy
(XPS, PHI5000 VersaProb, ULVAC-PHI, Inc) using Al-K X-ray
source.
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Fig. 1 – X-ray diffraction patterns of TiO2 (a), ZrO2 (b),
(ZrO2 + 1000 ppm Ti) (c), (ZrO2 + 50,000 ppm Ti) (d) and
(ZrO2 + 1000 ppm Ti + 4000 ppm P) (e) phosphors. Closed
triangle: ICDD no. 21-1276 (rutile TiO2) and closed circle:
ICDD no. 37-1484 (monoclinic ZrO2).. 2 0 1 6;5(3):289–292
3.  Results  and  discussion
3.1.  (ZrO2 +  x  ppm  Ti)  phosphors  (x  =  0–50,000)
Typical XRD results of TiO2, ZrO2, (ZrO2 + 1000 ppm Ti) and
(ZrO2 + 50,000 ppm Ti) are shown in Fig. 1. Diffraction peaks
attributable to TiO2 are not observed in the XRD patterns of
both (ZrO2 + 1000 ppm Ti) and (ZrO2 + 50,000 ppm Ti), which are
similar to that of monoclinic ZrO2, suggesting that Ti atoms
were dissolved into the ZrO2 lattice. Typical excitation and
emission spectra are shown for the ZrO2 without any dopants
and the (ZrO2 + 1000 ppm Ti) phosphor in Fig. 2. Both exci-
tation and emission spectra of ZrO2 were essentially little
changed with the excitation and emission maxima being at
around 280 nm and 475 nm,  respectively, when Ti was added
as a dopant. The relationship between the additive amount of
Ti and the PL intensity was examined by measuring PL spec-
tra of the (ZrO2 + x ppm Ti (x = 0–50,000)) phosphors. Results
are given in Fig. 3. The present (ZrO2 + x ppm Ti (x = 0–50,000))
phosphors prepared by sintering at 1400 ◦C for 2 h in an air
atmosphere also emitted bluish white light under the excita-
tion by UV light and the PL intensity was the strongest for the
(ZrO2 + 1000 ppm Ti) phosphor (5.4 times stronger than ZrO2),
whereas Cong et al. reported that the (ZrO2 + 2000 ppm Ti)
phosphor gave the strongest intensity when the (ZrO2 + x ppm
Ti (x = 0–2000)) phosphors were sintered at 1250 ◦C for 3 h [2].
The PL mechanism of the ZrO2:Ti phosphor has been proposed
by several groups [1–5]. According to Cong et al. [2], Ti ions exist
in the mixed valence states of Ti4+ and Ti3+, when TiO2 was
dissolved into ZrO2, and the substitution of two Ti3+ ions for a
Zr4+ ion produces one anion vacancy for charge compensation,
that is, the concentration of anion vacancies in the ZrO2:Ti
is higher than that in the pure ZrO2 to enhance the emis-
sion intensity at around 475 nm.  Wang et al. also reported that
the emission observed for the as-purchased ZrO2 materials is
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Fig. 2 – Excitation (left) and emission (right) spectra of the
(ZrO2 + 0 ppm Ti), (ZrO2 + 1000 ppm Ti) and (ZrO2 + 1000 ppm
Ti + 4000 ppm P) phosphors. Cutting ﬁlter (<320 nm)  was
used. Emission wavelength for excitation spectral
measurement: 475 nm,  Excitation wavelength for emission
spectral measurement: 280 nm.
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Fig. 3 – Effect of additive amount of Ti on the PL intensity of
the (ZrO2 + x ppm Ti) phosphors (x = 0–50,000). Excitation
wavelength: 280 nm.  Inserted italic values: maximal
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quantum efﬁciency and external quantum efﬁciency of the
(ZrO2 + 1000 ppm Ti + 4000 ppm P) phosphor were decreased
with the increase of temperature: 30, 36 and 11% at 80 ◦C, and
amission wavelength.
ttributed to Ti3+ centers because they inevitably contain a
race amount (about 0.1 wt%) of TiO2 [4]. PL intensity of the
resent phosphors was decreased with an increase of addi-
ive amount of Ti above 1000 ppm (see also Fig. 3). This is due
o the concentration quenching effect [2].
.2.  (ZrO2 +  1000  ppm  Ti  +  x  ppm  M)  phosphors  (M  =  P,
n, Se,  B,  Si,  Al,  Nb  or  Ta)he (ZrO2+ 1000 ppm Ti + x ppm M)  phosphors (M = P, Sn, Se, B,
i, Al, Nb or Ta) were prepared by adding (NH4)H2PO4, SnO2,
eO2, H3BO3, SiO2, Al2O3, Nb2O5 and Ta2O5 powders in the
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ig. 4 – Effect of additive amount of P, Sn and Se on the PL
ntensity of the (ZrO2 + 1000 ppm Ti + x ppm M)  phosphors
M = P, Sn and Se). Excitation wavelength: 280 nm.  Inserted
talic values: maximal emission wavelength.0 1 6;5(3):289–292 291
range of 0–10,000 ppm to the mixture of (ZrO2 + 1000 ppm Ti),
which is the composition showing the strongest PL inten-
sity as described in Section 3.1, and their PL spectra were
recorded in order to investigate whether the intensity of
(ZrO2 + 1000 ppm Ti) phosphor is enhanced by the addition of
the second additive. There was no signiﬁcant inﬂuence of Al,
Nb and Ta. Maximal enhancement factors for (ZrO2 + 1000 ppm
Ti + x ppm B) and (ZrO2 + 1000 ppm Ti + x ppm Si) were 1.09
and 1.05 to (ZrO2 + 1000 ppm Ti), respectively. Results for the
(ZrO2 + 1000 ppm Ti + x ppm M) phosphors (M = P, Sn and Se)
are given in Fig. 4, which shows that maximal enhance-
ment factors of 1.37, 1.31 and 1.15 are obtained for M = P
(x = 4000), Sn (x = 500) and Se (x = 2000), respectively. In the
(ZrO2 + 1000 ppm Ti + 4000 ppm P) phosphor, which exhibits
the strongest PL intensity (see Fig. 2), absorptivity, internal
quantum efﬁciency and external quantum efﬁciency were
estimated to be 53, 59 and 31% at room temperature, respec-
tively. Further enhancement in PL intensity by the P addition
to the (ZrO2 + 1000 ppm Ti) phosphor may be explained
on the analogy of electronic conduction mechanism pro-
posed for the TiO2–P2O5 glass, in which the Ti3+ sites are
increased by the co-existence of P [6,7]. Absorptivity, internal3 ×10
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Fig. 5 – XPS wide spectrum (a) and P2p XPS spectrum (b) of
the (ZrO2 + 1000 ppm Ti + 4000 ppm P) phosphor.
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3, 10 and 0.3% at 150 ◦C, respectively. The XRD measurements
were made for the (ZrO2 + 1000 ppm TiO2 + x ppm P) phos-
phors. Typical XRD pattern is shown for the (ZrO2 + 1000 ppm
Ti + 4000 ppm P) phosphor in Fig. 1(e). When x is 7000 ppm or
less, the (ZrO2 + 1000 ppm Ti + x ppm P) phosphors gave the
XRD pattern similar to that of ZrO2, as was also the case in
the (ZrO2 + 1000 ppm Ti) phosphor, suggesting that P atoms
were dissolved into ZrO2. The XRD peaks of ZrPO4(OH) were
observed, when x was 10,000 ppm or more.  Fig. 5 shows XPS
spectra of the (ZrO2 + 1000 ppm Ti + 4000 ppm P) phosphor. No
Ti2p peak was detected because the additive amount of Ti was
small. Regarding the XPS spectra of phosphorus, Viswanathan
and Pulikottil [8] reported that the P2p peak binding energies of
P3+ and P5+ in Zeolite ZSM-5 are 130.2 eV and 135.9 eV, respec-
tively, and Nakahira et al. [9] reported that P3+ and P5+ on the
surface of P-doped TiO2 ﬁlm give the P2p peaks at 128.4 eV and
133 eV, respectively. From these reports, it is reasonable to sup-
pose that the P2p peak at 133.87 eV for the (ZrO2 + 1000 ppm
Ti + 4000 ppm P) phosphor corresponds to P5+ (see Fig. 5(b)).
Existence of P3+ was not recognized from the XPS measure-
ment.
4.  Conclusions
PL spectra of the ZrO2:Ti phosphors (represented by
(ZrO2 + x ppm Ti) phosphors) prepared at 1400 ◦C in an air
atmosphere were measured in the range of x = 0–50,000 ppm.
Effects of the second additives (P, Sn, Se, B, Si, Al, Nb and Ta)
were investigated. Results are summarized as follows:
1. The strongest PL intensity was obtained in the
(ZrO2 + 1000 ppm Ti) phosphor and its PL intensity was 5.4
time stronger that of pure ZrO2.2. Further enhancement of the PL intensity was observed
by adding P, Sn, Se, B and Si to the (ZrO2 + 1000 ppm Ti)
phosphor. The addition of P was the most effective for
the enhancement and maximal enhancement factor of
[. 2 0 1 6;5(3):289–292
1.37 was obtained for the (ZrO2 + 1000 ppm Ti + 4000 ppm
P) phosphor.
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